We have studied the integrated proviruses in Moloney murine leukemia virus-induced rat thymomas. By Southern blot analysis, we found several complete integrated proviruses in each tumor. In most tumors, we could not detect defective or recombinant proviruses. Several of these integrated proviruses (with their flanking cellular sequences) from a single tumor were cloned in Charon 4A. Their flanking cellular fragments were subcloned into pBR322 and used as a probe to screen other thymoma DNAs. With one clone (pMo-
The nondefective retroviruses generally induce malignant diseases after a long latency period. The mechanism by which they transform cells is beginning to emerge. They do not seem to harbor an oncogene, but the 3' end of their genome (1), more specifically the U3 long terminal repeat (LTR) (2, 3), appears to be required for tumor induction. Avian leukosis virus-and reticuloendotheliosis virus-induced tumors have been shown to contain proviruses integrated in the proximity of the myc oncogene (4) (5) (6) (7) (8) and activating its transcription (5, 6) . Recently, it has been shown that several mouse mammary tumor virus-induced tumors contain a provirus integrated in a specific domain of the host genome (9) , a finding also compatible with the activation of a specific oncogene by this provirus. To determine whether the Moloney murine leukemia virus (Mo-MuLV) induces disease by a similar mechanism, we first studied the specificity of Moloney proviruses integration into the host genome. We took advantage of the apparent clonality of the tumors (thymoma) induced by this virus for our studies. By cloning several proviruses with their flanking cellular sequences from one rat thymoma, we identified one cellular sequence that appeared rearranged in several other thymomas.
MATERIALS AND METHODS
Animals. Pregnant female Fisher 344 and Lewis inbred rats were obtained from Charles River Breeding Laboratories. Newborn (<48-hr-old) rats were inoculated intraperitoneally or intrathymically with 105 plaque-forming units of Mo-MuLV (clone 1) (10).
DNA Extraction and Endonuclease Digestion. DNA was extracted from primary thymomas or from normal rat liver and digested with various restriction endonucleases (New England BioLabs and Boehringer Mannheim) as described (11) .
Agarose Slab Gel Electrophoresis and Hybridization Procedure. DNA analysis by agarose gel electrophoresis and transfer to a nitrocellulose membrane were done by the technique of Southern (12), as described (11) . The 32P-labeled probes used for hybridization are described in Results. They were labeled by nick-translation as described (13) .
Molecular Cloning Procedures. Tumor F10 DNA was digested with EcoRI and fragments (1-Ag) of 10-20 kilobase pairs (kbp) enriched on a sucrose density gradient (11) were ligated to purified EcoRI arms of Charon 4A (2 tkg) as described (14, 15) . This ligated DNA was packaged and 106 phages were screened with a Mo-MuLV representative cloned DNA (16) probe, as described (11, 14, 15) . Subcloning into pBR322 was done as before (11) . (16, 17) , and therefore allows the detection of each newly acquired Moloney provirus flanked by its right and left cellular junction fragments. Several virus-specific fragments could be detected with a representative MoMuLV probe in all the 30 thymoma DNAs tested ( Fig. 1A  and unpublished data) . Not a single tumor tested harbored fewer than five newly integrated proviruses.
RESULTS

Structure of Mo-MuLV Proviruses in Rat Tumor
The same analysis performed on the same DNAs with a LTR-specific probe revealed no virus-specific fragment in normal rat DNA and essentially the same pattern of integrated proviruses as the one detected with the representative probe in tumor DNAs (Fig. 1B and unpublished data) . Only 2 tumor DNAs (L3 and L4) were found to harbor an additional fragment hybridizing with the LTR probe but not with the representative probe [ Fig. 1 (lane i) and unpublished data]. These fragments, which are likely to represent highly defective proviruses, were not studied further. Twenty tumor DNAs were digested with restriction endonucleases that cleave Mo-MuLV DNA internally. Cleavage of most tumor DNAs with Xba I showed the expected internal 2.4-and 5.6-kbp Mo-MuLV fragments (Fig. 1C) 
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For example, using Xba I, Pst I, BamHI, and HindIII, which cleave at 0.3, 1.0, 3.6, and 5.2 kbp within the Moloney provirus (ref. 16; Fig. 2 ), we mapped these sites at 1.8, 7.5, 9.4, and 1.1 kbp, respectively, from the left LTR simply by measuring the lengths of the rearranged fragments (respectively, 2.1, 8.5, 13, and 6.3 kbp) (Fig. 3C ). With these sites mapped at the left, we then mapped the sites for the same enzymes at the right of the provirus by simply measuring the length of the fragment generated by each restriction endonuclease in normal DNA, assuming these sequences are identical in normal and F10 DNA. We have shown above that this assumption is valid. The partial map thus generated (Fig. 3) is identical for Fisher 344 and Lewis rat DNA.
Rearrangements of RMoInt-1 Sequences in 11 Different MoMuLV-Induced Rat Thymomas. We used probe pRMo-1C to determine whether this domain has been rearranged in other rat thymoma DNAs. We detected a novel DNA fragment in 11 out of 20 tumor DNAs analyzed, in addition to the normal fragment always present (Fig. 4) . Using the restriction map we had previously derived, we partially mapped the rearrangement within this domain for three additional tumors. L3 showed nearly the same rearrangement as F10, from which pRMo-1C was cloned (Fig. 4A ). F8 and F15 each harbor a rearranged sequence, which was tentatively mapped at the left of the sequence recognized by pRMo-1C (Fig. 4 B  and C) . In each of these 3 tumor DNAs, the lengths of the rearranged fragments generated by restriction endonucleases that cleave within the Mo-MuLV genome could be predicted from the relative locations of these sites on the viral genome (Fig. 4 A'-C') , suggesting the presence of a MoMuLV provirus within this domain (see below).
Three other tumor DNAs (F9, F14, and F16) harbored a novel HindIII fragment hybridizing with the pRMo-1C probe (Fig. 4, lanes 1-n) , but EcoRI, Pst I, and Xba I did not reveal such fragments in these DNAs (data not shown). The sites of these rearrangements could not therefore be mapped within the domain. Four other tumor DNAs (L2, L3, L7, and F11) harbored multiple novel HindIII (data not shown) or Pst I fragments, hybridizing with pRMo-1C (Fig. 4, lanes o-r) , suggesting a major rearrangement of this region, most likely involving an amplification process. As described above, the rearrangement observed in L3, F8, and F15 tumor DNAs was tentatively mapped assuming the presence of a provirus close to the sequence recognized by pRMo-1C. To validate this assumption further, two of these tumor DNAs were studied in more detail. If, indeed, the rearrangement observed in these tumors was the consequence of the presence of an integrated Mo-MuLV provirus in the orientation we expected, the putative right cell-virus junction fragment should hybridize with both a virus-specific and the pRMo-1C probe. Tumor F8 DNA was therefore digested with Pst I/BamHI or Pst I/HindIII and first hybridized with the pRMo-1C probe. Single rearranged fragments of, respectively, 4.9 and 4.6 kbp were observed ( Fig. 5 A and B, lane a). The same filter was washed, reexposed, to monitor the absence of signals, and hybridized with env probe. Several bands could be detected, as expected. One of these env-specific fragments comigrated exactly with the 4.9-and 4.6-kbp fragments previously detected with the pRMo-1C probe (Fig. 5 A and B, lanes b) , suggesting the presence of proviral DNA on this fragment. Similar results were obtained with F15 DNA (Fig. SC) . DISCUSSION To avoid the high background of endogenous proviruses present in the mouse genome, we have chosen the rat as the host for the induction of thymoma by Mo-MuLV. In each of the 30 thymomas analyzed, we found a relatively high number of integrated proviruses. This is in contrast with the low copy number and the numerous defective proviruses detected in avian leukosis-induced tumors (4, 7, 20) . In the majority of the tumors, we could not detect defective or recombinant proviruses, in contrast with the recombinant (MCFtype) proviruses detected in most mouse Mo-MuLV-induced thymomas (21) . This finding suggests that the presence of these recombinant proviruses is not essential for tumor formation, at least in rat.
Using, as a probe, a cellular sequence flanking a provirus from one of these thymomas, we identified a rearrangement of this domain in a significant percentage of the thymomas. A detailed analysis of these fragments in a few thymomas is consistent with the fact that they are generated by the insertion of a provirus. They are unlikely to have arisen through restriction endonuclease polymorphism because inbred rats were used for these studies and because an analysis with three other different probes, derived from cell-virus junction fragments and hybridizing with unique-copy DNA, did not reveal any polymorphism in the 20 thymoma DNAs.
Such an integration of a provirus into a specific domain has been described previously in avian leukosis (4-7), reticuloendotheliosis (8) and mouse mammary (9) virus-induced tumors. In avian leukosis-and reticuloendotheliosis-virusinduced tumors, the provirus was shown to be integrated close to the myc oncogene, suggesting that this event is involved in tumorigenesis. While we were writing this manuscript, Tsichlis et al. (22) reported the integration of a provi- (20 ,ug) from F8 (A and B) and F15 (C) was digested with Pst I/BamHI (A and C) or Pst I/HindIII (B) and electrophoresed on a 1% agarose gel. DNA fragments were transferred to nitrocellulose filters and hybridized with the 32P-labeled pRMo-1C probe (lanes a). The filters were then washed at 80'C for 1 hr with 7.5 mM NaCl/0.75 mM Na citrate, reexposed to monitor the efficiency of the washing procedure, and hybridized with the 32P-labeled env probe (lanes b). The env fragment was prepared by digesting a subclone of Mo-MuLV DNA (16) with BamHI and Cla I and purifying the 1.1-kbp fragment by agarose gel electrophoresis followed by electroelution. Its location on the viral genome is shown in Fig. 4 (5, 6) . Alternatively, it could inactivate a gene coding for a product essential for regulated cell growth and whose absence in the cell contributes to the acquisition of the malignant phenotype. Available data do not allow us to choose among these possibilities. If this specific provirus integration is critical to tumor induction, the approach described here should help in the identification of genes (possibly new oncogenes) involved in T-cell transformation.
